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Abstract 
 
The investigations of the nanostructured-Al (nano-Al) based thermo-oxidative reaction 
attributes are detailed in this chapter-5. Two products are selected for the thermo-
oxidative reaction studies. They are (1) Nano-Al embedded in PVP matrix (will be 
termed as fuel) and (2) its physically mixed 1:1 stoichiometric nanocomposite processed 
with the ultrafine nc-ceria oxidizer (also will be termed as nanoenergetic material 
(NEM)), respectively. The graphical abstract presented below illustrates an overview of 
the thermo-oxidative reaction of fuel tracked employing thermogravimetric analysis 
(TGA) investigation. Similar TGA experimentation of the designed NEMs is carried out 
to gather scientific information validating, whether or not a desired enhanced attribute 
is achieved. Also, in coincidence with the TGA oxidation event, a synchronous 
exothermic energy release event in differential scanning calorimetry (DSC) trace is 
observed. The above mentioned two products and their thermo-oxidative reaction 
behaviour employing TGA/DTA and TGA/DSC thermal traces is compared and 
interpreted based on the data available in literature. 
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Graphical Abstract 
 
 
 
 
 
Al/PVP-fuel: (a) Oxidation, (b) Ignition, and (c) Explosion attributes respectively 
tracked by thermogravimetric thermal analysis (TGA) investigation method. 
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5.1 Introduction  
Conventional thermites made of micron-sized metals and the oxide of a less reactive 
metal as components have low-rate of energy release and long-ignition delay are used 
in rail road-track welding applications [105]–[107]. The conventional thermite reaction 
is a diffusion controlled energy release limited by aluminum oxide shell covering the 
Aluminum (Al) particle [108]–[110]. Pre-stressing of the micron-sized Al core-shell 
particles to improve reactivity is also attempted. This has shown that flame rate of 68 % 
is achievable, which is similar to that of for the best case of Al nanoparticles [111]. 
However, the nanostructured formulation of intimately mixed Al and metal oxide 
composites dominates the energetic applications [112]–[120]. These composites 
otherwise termed as metastable intermolecular composites (MICs; also termed as 
nanoenergetic materials (NEMs)), have enhanced thermo-physical performance as a 
result of increased interfacial contact area for heterogeneous reaction and reduced 
diffusion distance. Composite metastability is inertness prior to thermal, laser, or 
electrical actuation, and also ignition by impact, spark, and frictional force [121]–[127]. 
For example, when ignited these MICs undergo a self-sustained exothermic reaction to 
produce almost twice higher volumetric enthalpy (i.e., TNT (conventional explosive) = 
7.22 kJcm-3, and Al/I2O5 (MIC) = 25.7 kJ cm-3) compared to that of the conventional 
monomolecular high energy explosives [128].  
Metallic Al is an ideal, widely utilized, candidate as fuel for example in 
propellant NEMs, because its high heat of combustion (Enthalpy = 31kJ/g) increases 
propellant energy density, lowers combustion instability, and facilitates the formation 
of low molecular weight exhaust gases [129]. It leads to increase in specific impulse of 
the system at economically lower cost. Also another detailed investigation of a set of 
NEMs by  Zachariah et al. on whether gas phase oxygen generation from oxidizer is a 
prerequisite for initiation of NEMs reaction had interesting implications [120]. It is 
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found that for Al/Bi2O3 and Al/SnO2 NEMs ignition results below the oxygen release 
temperature from its corresponding oxidizers, whereas for the second set of NEMs like: 
Al/Co3O4 results ignition above its oxidizers oxygen release temperature.  Further, 
Al/MoO3, Al/Sb2O3, and Al-WO3 respectively, have oxidizers that did not release any 
oxygen/ gas. In spite of this, they are seen to ignite showing that oxygen/gas release is a 
necessary but not sufficient condition which determines the initiation of these NEMs 
reactions. Therefore, NEMs reaction is the result of direct interfacial contact between Al-
fuel and an oxidizer, facilitated by the condensed phase mobility of the reactive species 
termed as reactive sintering [120], [130]. Many synthetic approaches for NEMs 
fabrication to develop nano-architecture having Al fuel and oxidizer intimately packed 
for safer handling include; (1) NEMs composite droplet into core-shell structure [131], 
(2) filling the oxidizer in protein cages (biothermite) [132], [133], (3) nanowire-based 
thermite membrane [134], (4) carbon nano-fibers [127], and (5) in the form of both bi-
layer/multilayer nanofoil formulations [135]–[139]. These are demonstrated to achieve 
tunable and efficient NEMs thermo-chemical and energetic properties.  
Cerium (IV) oxide (CeO2) is an active candidate widely used in solid oxide fuel-
cells and in catalytic converter of toxic species of the automobile exhausts, because of its 
exceptional reversible reduction-oxidation attribute (2CeO2 ↔ Ce2O3 +1/2 O2) [140]–
[146]. Significantly, the performance of low-emission power generation sources such as 
solid- oxide fuel-cells depend on the ability of nanocrystalline-ceria (nc-ceria) to accept, 
store, release, and transport oxygen ionic species. Reducing environments lead nc-ceria 
to form a series of non-stoichiometric oxide phases with Ce2O3 as end reduced product. 
This end product, in turn, easily can take-up oxygen in oxidizing environment 
returning back to the full oxidation state. Temperature programmed reduction (TPR) 
experiments on nc-ceria highlights a four-fold increase in oxygen storage capacity 
(OSC), and the presence of more reactive surface superoxide (O2-) ions [147]–[149]. 
Theoretical density functional investigations on structure stabilization conducted also 
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reaffirms this experimental evaluated increase in OSC, to fully surface adsorbed 
supercharged superoxide ions rather than bulk-lattice oxygen species [148]. This 
supercharging effect is particle size dependent leading to largest OSC for the ultrafine 
nc-ceria particulate. Thereby a increase in OSC becomes the active source of oxygen 
species at much lower temperatures (TPR peaks at ≈ 325 °C and 425 °C), in addition to 
higher bulk and surface lattice oxygen TPR peaks [149]. The unique fascinating 
properties of nc-ceria like larger OSC and its facile release are the attributes which form 
the main motivation of the current work to investigate nc-ceria as an oxidizer for NEMs. 
The synthesized poly (vinylpyrrolidone) (PVP) stabilized nm-Al composite is used as 
fuel [425]. To the best of the current author’s knowledge this is one of the first attempts 
to employ nc-ceria in NEMs for thermo- physical and energetic enhancements  
5.2 Materials and Methods 
Non-isothermal oxidation at different heating rate runs are acquired by employing TA 
Instruments STD Q600 dual DSC/TGA (differential scanning calorimetry/thermal 
gravimetric analysis) instrument. For TGA/DSC, 2.5(±0.2) mg powder samples are taken 
in alumina cups (90 μL) at a constant flow (100 cm3/min) of nitrogen. The TGA/DSC 
runs is carried out from ambient temperature to 1573.15 K. TGA and DTA (differential 
thermal analysis) sensitivity are 0.1μg and 0.001 °C, respectively.  DSC calorimetric 
accuracy is of 2 % based on the matal standard utilized. Field emission scanning 
electron microscope (FESEM) [Zeiss-make Ultra 55 model, Everhart-Thornley detector 
for SE2 and BS electron imaging (20 eV – 30 KeV)] and with attached Oxford 
Instruments INCA 350 Energy Dispersive X-ray Spectrometer (EDX/EDS) probe are 
employed for microstructural and chemical investigation (minimum detectable limit for 
EDX spectroscopy is of about ~0.2 Wt %). Transmission electron microscopy (TEM, FEI 
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TECNAI G2 S-Twin ) in both bright field (BF) and dark field (DF) mode is employed for 
microstructural detailing at an accelerating voltage of 200 kV.  
5.3 Results and Discussions 
5.3.1 NEMs Physically Mixed Reaction Investigation 
Physical-mixing is the most straightforward route to develop NEMs in powder 
formulation [426]–[429]. The reactive components dispersion in hexane (boiling point 68 
°C) are probe-sonicated (VCX-750 W ultrasonic processor, 50 % amplitude, 13 mm 
solid-probe) for different (i.e., 1, 1 h. 30 m, 2 hrs, and 2 hrs 30 m respectively) durations. 
The NEM powder form is extracted by evaporating the hexane at 80 °C. The physically 
mixed composite reaction assessment is carried out by TG/DTA, which is to access 
information on the oxidation initiation temperature, structural phase-change, and 
energy release attributes, respectively. The NEMs and a conventional energetic material 
(CEM; nc-ceria oxidizer plus 40 nm-Al from US Nano) TG/DTA data for comparison are 
shown in fig. 5 1.  
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Fig.5  1 NEMs oxidation (a) TG, and (b) corresponding DTA traces 
respectively 
 
Typically, a batch of approximately 1 g of 1:1 stoichiometric NEMs powder preparation 
involves physical-mixing of the Al/PVP-fuel with that of the nc-ceria-oxidizer, in hexane 
as dispersant. The self-heating during sonication is dissipated by maintaining ice-cool 
water circulation at 20 °C around the sonication vessel. The reaction inferences of this 
NEM composition based on the TG/DTA plot of fig. 5 1 (a)-(b) are; (1) the oxidation of 
NEMs initiates at 511.13 °C, and also has a corresponding explicit DTA exotherm at 
596.70 °C. (2) The oxidation of NEMs proceeds by two stage-wise weight gain events, 
i.e., oxidation-1 (Ox-1), and oxidation-2 (Ox-2), is resulting in a total of 35 % of weight 
gain. Based on the expected Al-fuel fraction, the designed NEMs composition (i.e., nm-
Al (Fuel): PVP (stabilizer): nc-ceria (oxidizer) = 1:1:1) should deliver 33 % weight gain, 
which in this case is close to the 35 % obtained. (3) For NEM ignition at 511.13 °C, the 
required slope of the Ox-1 or Ox-2 stage must be that of the vertical dotted line drawn 
(see fig. 5 1 (a)). In other words, initiated oxidation becomes the ignition with an 
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oxidation rate enhancement. (4) Out of the two steps, stepper oxidation like Ox-1 is 
essential for energy release applications (i.e., have an associated DTA exotherm at 
596.70 °C); whereas the gradual slow oxidation event like Ox-2 is not favorable. (5) 
Once the Ox-1 results in NEM ignition, the exothermic energy release helps in keeping 
the reaction self-sustained until the total NEM is exhausted. (6) The micron-Al (µ-Al) 
gradual weight gain is similar to that of the CEM. Both the CEM and µ-Al products 
indicate Al melting structural phase-transition represented by an endotherm at around 
656.49 °C. But (7) in case of our PVP surface stabilized nm-Al product, the melting 
transition is suppressed and exhibits an oxidation exotherm below it.  That is, oxidation 
is probably by condensed state oxygen delivered from nc-ceria oxidizer. (8) The CEM 
also has an exotherm after Al melting around 988.51 °C. (9)  A low-temperature 
exotherm observed at 248.33 °C is linked to the weight loss (might be of PVP polymer or 
nc-ceria grain growth by crystallization or both).  The experimental reasoning of having 
the first exotherm is to be discussed later.  (10) Finally, these sets of NEM processed 
TG/DTA data have a favorable affirmation to use nc-ceria as oxidizer. A minimum 2 hrs 
physical mixing is adjudged to be the best physical processing duration; to develop 1:1 
stoichiometric NEM. The intimately mixed uniformly distributed reactive components 
inside the PVP are one of the nanocomposites for further evaluation.                       
5.3.2 Nano-Al inherent Surface oxide phase (i.e., in µ-Al, CEM) as inhibitor  
The ineffective exothermal energy release of the CEM made out of a similar 
stoichiometric 1:1 proportion of nc-ceria oxidizer and 40 nm-Al purchased from US 
nanomaterials (US1050 product ID made by electrical explosion method have density 
0.2 gcm-3) as observed is further investigated. The electron microscopy imaging 
techniques of FESEM and TEM are employed. The obtained microstructural data is 
presented in fig. 5 2. Also, the micron-Al (µ-Al, (90.4) µm) powder 1200 °C oxidation 
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product quenched to LN2 temperature employing a vertical furnace microstructural 
information is included for comparison.                          
 
Fig.5 2  Microstructural observations of Al fuel; (a)-(b) µ-Al quenched at 1200 °C, (c)-
(d) 40 nm-Al procured from US Nano, and (e)-(f) Al/PVP along with its obtained NEM 
respectively. 
 
To justify why µ-Al is ineffective in delivering the much needed exotherm for energetic 
application is linked to the existing surface alumina oxide crust. For elucidation, the µ-
Al quenched product powder regions of importance are tracked using FESEM. They 
are; (1) Al-melt expulsion through particles grain boundaries and isolation of many 
broken alumina bowls (see fig. 5 2 (a), ruptured alumina shell) with solidified Al-melt is 
observed. (2) The oxide crust surface shown in fig. 5 2 (b) has clearly defined grain 
boundaries with well separated highlights of individual grains interior comprising 
filled nanoscale whiskers, needles, and triangle edged feathers. These local structures 
grow mostly by outward diffusion of Al3+ cations through the Al particle surface 
structural defect sites and transforms finally into α-Al2O3 phase with oxidation duration 
and hold time. Tolpygo et al. have examined these solidified Al-melt expulsions and 
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have reported that even after the transformation to α-Al2O3, these observed structural 
features are retained for longer duration, depending on the oxidation temperature and 
surface diffusion processes collectively [430]. Thereby inefficacy to deliver exothermic 
process out of the µ-Al oxidation progress is mostly linked to the oxide crust diffusion-
controlled gradual core oxidation (chemical reaction), and the accompanying structural 
phase transformation [108], [110]. After Al-core melting, volume expansion outward 
thrust ruptures the oxide shell (alumina melting=2072 °C) then bringing the already 
melted Al-core for ignition. Likewise, in the designed CEM, almost similar is the case. 
That is because of (1) the existence of 10 nm thick alumina oxide shell, and (2) the 
obtained Al-fuel is of least 0.2 gcm-3 densities, thereby no exothermicity in CEM DTA 
trace is evident. The TEM-BF micrographs of 40 nm-Al US Nano product particles are 
illustration of core-shell type structures and are shown in fig. 5 2 (c) and (d), 
respectively. The chemically processed Al/PVP fuel utilized is shown in fig. 5 2 (e), and 
the corresponding physically mixed NEM developed is shown in fig. 5 2 (f) as TEM-DF 
mode. The densely packed bright spots representing both of fuel and oxidizer crystals 
inside the PVP matrix (TEM-DF fig. 5 2 (f)) observed, supports intimate contact between 
these reacting components and, therefore, lead to energetic efficacy. Lastly, the 
identification in case of µ-Al powder particles (shown in fig. 5 2 (a)-(b), data not shown) 
Al-core and alumina oxide shell is carried out employing composition by EDX facility. 
The average EDX elemental composition from over 10 different random regions on the 
ruptured crust provides, Al= (54.971.2) wt. % and O= (45.031.2) wt. % quantitatively 
alike that of 52.93 and 47.03% expected in Al2O3. Likewise, the solidified melt region is 
Al rich, and having (91.711.62) wt. % of Al by EDX justify remnant unoxidized mass 
fraction.                              
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5.3.2 Al/PVP Fuel and nc-ceria Oxidizer TG/DTA investigation 
 
Fig.5 3 TG/DTA analysis of Fuel and Oxidizer at 10 °C/min; (a) TG, and (b) DTA plots 
respectively.  
 
To have conclusive inference of the observed exotherm at 248.33 °C in the weight loss 
region of NEMs (see fig. 5 1 (a)), both Al/PVP fuel and nc-ceria oxidizer TG/DTA 
analysis is carried out. The TG/DTA plots of both are plotted in fig. 5 3 (a)-(b) 
respectively. The nc-ceria oxidizer has one broad exotherm peaked at 564.28 °C 
representing gradual weight loss region L-2, whereas the subsequent weight loss region 
denoted as L-3 is associated with endotherm at 815.13 °C respectively. The weight loss 
for L-2 is gradual, but L-3 progresses at a faster rate. Based on the previous available 
literature it is inferred that; (1) first exotherm is probably linked to the gradual release 
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of chemisorbed reactive superoxide ions release at TG L-2 range [431]–[433], whereas (2) 
endotherm is the lattice oxygen release thereby initiating nc-ceria reduction [434]–[436].  
In case of the fuel, the low-temperature range below Al melting has two exotherms at 
394.89 and 626.29 °C, respectively. The first exotherm, in this case, is the PVP fraction 
degradation, whereas the higher exotherm at 626.29 °C is associated with oxidation of 
embedded Al fraction. A comparison of both HEM and Al/PVP fuel exotherms suggest 
the nc-ceria oxidizer catalyzes these two processes occurrences to lower temperatures. 
The PVP degradation lowers to 248.33 °C (oxidizer as catalyst), whereas Al oxidation 
exotherm is facilitated to 596.70 °C, probably by the release of surface adsorbed 
superoxide ion release respectively.                 
5.3.3 NEM and Al-PVP Ignition and Energy release investigation 
The thermo-chemical reaction properties investigation of both the Al-PVP fuel and 
NEM are carried out based on TG/DTA and TG/DSC experiments [437]–[444]. In order 
to present a comparative view both products TG/DSC data recorded at heating rate 
(HR) at 100 °C/min is plotted in fig. 5 4 (a)-(b). At this one order higher heating rate (i.e. 
oxidation at 10 °C/min initiates weight gain of 0.52 mg per second for the fuel data 
shown in fig. 5 3 (a)) than conventional oxidation reaction, the weight gain almost 
approaches 3.3 g per second. It is about 4 orders higher weight gain than the 
conventional oxidation, and thereby is termed as ignition. The distinction in these two 
HR in inducing a sharp exotherm below Al-melting transition (i.e. at 658.46 °C observed 
for HR=10 °C/min, bulk Al-melting at 660.32 °C) for higher HR is shown in fig. 5 7. 
Likewise, for HR=100 °C/min designed HEM undergoes initiation of ignition (Ig In) at 
369.12 °C and completion at around 397.88 °C. Both exotherms occurs below Al melting; 
but in the first case, (1) the heterogeneous oxidation (solid and gas as reactants) is 
achieved in the TGA furnace gaseous environment, whereas in the second (2) intimately 
mixed condensed nc-ceria donated oxide ions facilities the same. Therefore, the 
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oxidation in presence of nc-ceria becomes homogeneous solid-solid phase reaction. This 
is induced by condensed solid phase reactive oxygen ions transportation from nc-ceria 
oxidizer to nc-Al fuel. The nc-ceria induced exotherm in HEM is at 397.88 °C much 
lower than 654.87 °C, observed for that of fuel.                     
  
Fig.5 4  TG/DSC analysis at heating rate 100 °C/min; (a) NEM, and (b) Al/PVP 
respectively. 
 
Also in presence of the nc-ceria solid oxidizer HEM energy release at lower temperature 
is enhanced by almost about 44 %. A set HR DSC curve of HEM is shown in fig. 5 6 (b), 
in which the HR generated DSC peak thermal drag (i.e. increase in HR drags the DSC 
peaks to higher temperature) is used for HEM activation energy extraction. The HEM 
activation energy for inducing ignition is of 170 kJ/mole which is closer to the activation 
energy required for the growth of -Al2O3 phase[445], [446] . The obtained significant 
energy release enhancement, is believed to be the intimacy in contact achieved between 
ultrafine 2 nm nc-ceria with that of 3-15 nm Al in PVP matrix. Mostly comparatively 
larger Al particles surfaces are decorated with many smaller nc-ceria oxidizer all 
17 
 
around, as observed from the HR-TEM microstructural detailing (see fig. 5 2 (f) 
intimacies and density of packing of brighter spots can be seen), supporting the 
predicted reasoning. In this regard, a table containing ignition characteristics, energy 
release data obtained and that taken from literature for comparison is tabulated in 
Table-1.             
Table 5 1 Ignition and Energy release data obtained and existing literature 
 
NEMs Ignition 
Initiation (°C) 
Ignition 
Temperature 
(°C) 
Energy 
Released 
(E/T)(in kJ/g) 
References 
Al/CuO 520 540 1.8/4.1 Kim et al [447] 
Al/NiFe2O4 300 Laser Ignition 2.9/XX Shi et al  [448] 
(Al/CuO)/TNT 242 225 1.2/XX Zaky et al [449] 
Al/CeO2 369 397 4.5/32 Current study 
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Fig.5 5 DSC data illustrating cooling during ignition both in (a) fuel, (b) HEM 
respectively.  
 
Besides the tabulated energy release, few other literatures having more or less closest 
exothermic energy release are; (a) (1) perfluorodecalin coated Al fuel release 4.65 kJ/g , 
(2) 4.40 kJ/g for toluene coated Al, and (3) 4.20 kJ/g for Al coated with isopropyl alcohol 
respectively [450], and (b) 4.95 kJ/g for dioctyl sebacate coated Al [451]. Also, the use of 
carbon nanomaterials (carbon nanotube, expanded graphite, graphene, graphene oxide, 
and fullerenes) to develop highly energetic compositions is under investigation[452]. 
The use of carbon nanomaterials involve; (1) reactivity modulation of Al/WO3 EM [453] 
, (2) 5 wt % graphene oxide in Al/B2O3 nanocomposite enhances fuel to oxidizer contact 
resulting enhanced reactivity [454] , (3) 5 wt % carbon black is suitable desensitizer for 
Al/MnO2 EM [455], (4) tuning gas pressure discharge by adding carbon nanotube in 
EMs[456], and also (5) tailoring oxidation of Al [446] respectively are achieved. Lastly, it 
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is observed that Al exothermic enthalpy had a strong dependence on CNT content, 
about 188 kJ/g heat release reported at 20 wt % CNT [446]. The approximately 6-fold 
higher energy release than 32 kJ/g expected from Al oxidation, is of much interest. It, 
thus, indicates that the designed NEM from Al-PVP fuel and nc-ceria oxide is quite 
effective combination in terms of energy release and low temperature ignition, but 
further enhancement in energy released is possible by designing these two reactive 
fractions inside graphitic carbon matrix.  
 
Fig.5 6 DSC data illustrating effect of the HR in igniting the fuel, inset 
indicates slow HR Al melting transition.   
 
Another significant observation in ignition exotherm is the cooling after ignition, similar 
to the coined phrase “evaporation causing surface cooling”. It is well known that once 
the ignition is started the subsequent Al oxidation is a self-sustained process. Once self-
ignition started the rate of heat generation within the material must over take the rate of 
heat loss through the material surface[437]. That is, the volumetric heating rate obtained 
within the material exceeds the experimental heating rate provided, indicating an 
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imbalance resulting few data points of ignition exotherm at lower temperature. These 
identified data points are in the region-1 of the vertical lines drawn in fig. 5 5 (a)-(b). 
Likewise, an attempt with higher initial fuel mass of ≥ 10 mg is investigated at HR=100 
°C/min indicates the blowing away of the 90 µL alumina sample pan containing HEM. 
The blowing away happens just after the fuel ignition temperature observed at 657.83 
°C,  which is evidenced by a sharp weight change of the TGA furnace weight balance 
(sensitivity=0.1 µg), suggesting occurrence of explosion. 10 mg is the least sample mass 
required to initiates explosion bringing almost 7 orders higher thrust representing rate 
of mass change. Thereby, the fuel thrust rate extracted from TG analysis is in the order 
of; oxidation: ignition: explosion=1:103:107 for the employed Al/PVP composite. The 
Al/PVP explosion representing TG data is shown in fig. 5 7 (a). The TG of explosion is 
Z- step like appearance no sign of recovery, whereas after oxidation and ignition data 
recording goes on until the final operating temperature reached.                        
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Fig.5 7 DSC data illustrating cooling during ignition both in (a) fuel, (b) HEM 
respectively.  
5.4. Conclusions 
The evalution of “nc-ceria as an oxidizer” in the stoichiometric nanoenergetic composite 
formulation has promising implications. The fundamental regenerative adaptability of 
nc-ceria lattice, whether to act as a source or sink for oxygen release or intake in regards 
to neighbour is utilized. Specifically, the nc-ceria lattice condensed phase oxygen 
transfer to nano-Al lattice is established. It leads much lower ignition in the designed 
HEM at 397 °C than 657 °C, that of the parent Al/PVP fuel. In addition, a jump of 44% in 
exothermic energy of HEM is achieved. Based on the HR-TEM microstructural detailing 
the observed intimacy and dense packing of ultrafine 2 nm ceria oxidizer all along the 
surface of slightly larger 3-15 nm of Al, contained in PVP matrix appears to be the 
reason for the observed behaviour. The HEM computed activation energy of ignition is 
170 kJ/mole, is close to the predicted activation energy required for -Al2O3 phase 
growth in concurrence to Al oxidation.      
22 
 
 References 
 [105] S. H. Fischer and M. C. Grubelich, “Theoretical energy release of thermites, intermetallics, and 
combustible metals,” Sandia National Labs., Albuquerque, NM (US), SAND--98-1176C, CONF-
980728--658208, Jun. 1998. 
[106] M. L. Pantoya and J. J. Granier, “Combustion Behavior of Highly Energetic Thermites: Nano versus 
Micron Composites,” Propellants, Explosives, Pyrotechnics, vol. 30, no. 1, pp. 53–62, 2005, doi: 
10.1002/prep.200400085. 
[107] D. G. Piercey and T. M. Klapötke, “Nanoscale Aluminum - Metal Oxide (Thermite) Reactions for 
Application in Energetic Materials,” Cent. Eur. J. Energ. Mater., vol. 7, no. 2, pp. 115–129, 2010. 
[108] M. A. Trunov, M. Schoenitz, and E. L. Dreizin, “Effect of polymorphic phase transformations in 
alumina layer on ignition of aluminium particles,” Combustion Theory and Modelling, vol. 10, no. 
4, pp. 603–623, Aug. 2006, doi: 10.1080/13647830600578506. 
[109] S. Chowdhury, K. Sullivan, N. Piekiel, L. Zhou, and M. R. Zachariah, “Diffusive vs Explosive 
Reaction at the Nanoscale,” J. Phys. Chem. C, vol. 114, no. 20, pp. 9191–9195, May 2010, doi: 
10.1021/jp906613p. 
[110] F. Saceleanu, S. Atashin, and J. Z. Wen, “Investigation of the effects of phase transformations in 
micro and nano aluminum powders on kinetics of oxidation using thermogravimetric analysis,” 
Phys Chem Chem Phys, vol. 19, no. 29, pp. 18996–19009, Jul. 2017, doi: 10.1039/c7cp02692g. 
[111] V. I. Levitas, J. McCollum, and M. Pantoya, “Pre-Stressing Micron-Scale Aluminum Core-Shell 
Particles to Improve Reactivity,” Sci Rep, vol. 5, p. 7879, Jan. 2015, doi: 10.1038/srep07879. 
[112] H. Wang, G. Jian, G. C. Egan, and M. R. Zachariah, “Assembly and reactive properties of Al/CuO 
based nanothermite microparticles,” Combustion and Flame, vol. 161, no. 8, pp. 2203–2208, Aug. 
2014, doi: 10.1016/j.combustflame.2014.02.003. 
[113] M. Comet, C. Martin, F. Schnell, and D. Spitzer, “Nanothermites: A short Review. Factsheet for 
Experimenters, Present and Future Challenges,” Propellants, Explosives, Pyrotechnics, vol. 44, no. 
1, pp. 18–36, 2019, doi: 10.1002/prep.201800095. 
[114] M. G. Zaky, A. M. Abdalla, R. P. Sahu, I. K. Puri, M. Radwan, and S. Elbasuney, “Nanothermite 
colloids: A new prospective for enhanced performance,” Defence Technology, vol. 15, no. 3, pp. 
319–325, Jun. 2019, doi: 10.1016/j.dt.2018.08.016. 
[115] R. R. Nellums, B. C. Terry, B. C. Tappan, S. F. Son, and L. J. Groven, “Effect of Solids Loading on 
Resonant Mixed Al-Bi2O3 Nanothermite Powders,” Propellants, Explosives, Pyrotechnics, vol. 38, 
no. 5, pp. 605–610, 2013, doi: 10.1002/prep.201300038. 
[116] C. Rossi, “Two Decades of Research on Nano-Energetic Materials,” Propellants, Explosives, 
Pyrotechnics, vol. 39, no. 3, pp. 323–327, 2014, doi: 10.1002/prep.201480151. 
[117] V. E. Sanders, B. W. Asay, T. J. Foley, B. C. Tappan, A. N. Pacheco, and S. F. Son, “Reaction 
Propagation of Four Nanoscale Energetic Composites (Al/MoO3, Al/WO3, Al/CuO, and B12O3),” 
Journal of Propulsion and Power, vol. 23, no. 4, pp. 707–714, 2007, doi: 10.2514/1.26089. 
[118] J. L. Cheng, H. H. Hng, H. Y. Ng, P. C. Soon, and Y. W. Lee, “Synthesis and characterization of self-
assembled nanoenergetic Al–Fe2O3 thermite system,” Journal of Physics and Chemistry of Solids, 
vol. 71, no. 2, pp. 90–94, Feb. 2010, doi: 10.1016/j.jpcs.2009.08.017. 
[119] C. Badiola, M. Schoenitz, X. Zhu, and E. L. Dreizin, “Nanocomposite thermite powders prepared 
by cryomilling,” Journal of Alloys and Compounds, vol. 488, no. 1, pp. 386–391, Nov. 2009, doi: 
10.1016/j.jallcom.2009.08.146. 
[120] G. Jian, S. Chowdhury, K. Sullivan, and M. R. Zachariah, “Nanothermite reactions: Is gas phase 
oxygen generation from the oxygen carrier an essential prerequisite to ignition?,” Combustion 
and Flame, vol. 160, no. 2, pp. 432–437, Feb. 2013, doi: 10.1016/j.combustflame.2012.09.009. 
23 
 
[121] P. Gibot, Q. Miesch, A. Bach, F. Schnell, R. Gadiou, and D. Spitzer, “Mechanical Desensitization of 
an Al/WO3 Nanothermite by Means of Carbonaceous Coatings Derived from Carbohydrates,” C 
— Journal of Carbon Research, vol. 5, no. 3, p. 37, Sep. 2019, doi: 10.3390/c5030037. 
[122] C. Weir, M. L. Pantoya, G. Ramachandran, T. Dallas, D. Prentice, and M. Daniels, “Electrostatic 
discharge sensitivity and electrical conductivity of composite energetic materials,” Journal of 
Electrostatics, vol. 71, no. 1, pp. 77–83, Feb. 2013, doi: 10.1016/j.elstat.2012.10.002. 
[123] J. J. Granier and M. L. Pantoya, “Laser ignition of nanocomposite thermites,” Combustion and 
Flame, vol. 138, no. 4, pp. 373–383, Sep. 2004, doi: 10.1016/j.combustflame.2004.05.006. 
[124] J. H. Kim et al., “Flash-ignitable nanoenergetic materials with tunable underwater explosion 
reactivity: The role of sea urchin-like carbon nanotubes,” Combustion and Flame, vol. 162, no. 4, 
pp. 1448–1454, Apr. 2015, doi: 10.1016/j.combustflame.2014.11.011. 
[125] T. BAZYN, N. GLUMAC*, H. KRIER, T. S. WARD, M. SCHOENITZ, and E. L. DREIZIN, “Reflected Shock 
Ignition and Combustion of Aluminum and Nanocomposite Thermite Powders,” Combustion 
Science and Technology, vol. 179, no. 3, pp. 457–476, Mar. 2007, doi: 
10.1080/00102200600637261. 
[126] J. L. Cheng, H. H. Hng, Y. W. Lee, S. W. Du, and N. N. Thadhani, “Kinetic study of thermal- and 
impact-initiated reactions in Al–Fe2O3 nanothermite,” Combustion and Flame, vol. 157, no. 12, 
pp. 2241–2249, Dec. 2010, doi: 10.1016/j.combustflame.2010.07.012. 
[127] B. Siegert, M. Comet, O. Muller, G. Pourroy, and D. Spitzer, “Reduced-Sensitivity Nanothermites 
Containing Manganese Oxide Filled Carbon Nanofibers,” J. Phys. Chem. C, vol. 114, no. 46, pp. 
19562–19568, Nov. 2010, doi: 10.1021/jp1014737. 
[128] K. S. Martirosyan, “Nanoenergetic Gas-Generators: principles and applications,” J. Mater. Chem., 
vol. 21, no. 26, p. 9400, 2011, doi: 10.1039/c1jm11300c. 
[129] E. W. Price and R. K. Sigman, “Behavior of Aluminum in Solid Propellant Combustion.:,” GEORGIA 
INST OF TECH ATLANTA SCHOOL OFAEROSPACE ENGINEERING, 1982, Fort Belvoir, VA, Nov. 1976. 
[130] N. W. Piekiel, K. T. Sullivan, S. Chowdhury, and M. R. Zachariah, “The Role of Metal Oxides in 
Nanothermite Reactions: Evidence of Condensed Phase Initiation:,” Defense Technical 
Information Center, MARYLAND UNIV COLLEGE PARK; 2010 Jan., Jan. 2010. 
[131] A. Prakash, A. V. McCormick, and M. R. Zachariah, “Tuning the Reactivity of Energetic 
Nanoparticles by Creation of a Core−Shell Nanostructure,” Nano Lett., vol. 5, no. 7, pp. 1357–
1360, Jul. 2005, doi: 10.1021/nl0506251. 
[132] J. M. Slocik, C. A. Crouse, J. E. Spowart, and R. R. Naik, “Biologically tunable reactivity of energetic 
nanomaterials using protein cages,” Nano Lett., vol. 13, no. 6, pp. 2535–2540, Jun. 2013, doi: 
10.1021/nl400590k. 
[133] J. M. Slocik, R. McKenzie, P. B. Dennis, and R. R. Naik, “Creation of energetic biothermite inks 
using ferritin liquid protein,” Nat Commun, vol. 8, p. 15156, 27 2017, doi: 
10.1038/ncomms15156. 
[134] Y. Yang et al., “Nanowire membrane-based nanothermite: towards processable and tunable 
interfacial diffusion for solid state reactions,” Sci Rep, vol. 3, p. 1694, 2013, doi: 
10.1038/srep01694. 
[135] J. Kwon et al., “Interfacial Chemistry in Al/CuO Reactive Nanomaterial and Its Role in Exothermic 
Reaction,” ACS Appl. Mater. Interfaces, vol. 5, no. 3, pp. 605–613, Feb. 2013, doi: 
10.1021/am3019405. 
[136] H. Sui, S. Atashin, and J. Z. Wen, “Thermo-chemical and energetic properties of layered nano-
thermite composites,” Thermochimica Acta, vol. 642, pp. 17–24, Oct. 2016, doi: 
10.1016/j.tca.2016.08.019. 
24 
 
[137] Y. Yin et al., “Fabrication of electrophoretically deposited, self-assembled three-dimensional 
porous Al/CuO nanothermite films for highly enhanced energy output,” Materials Chemistry and 
Physics, vol. 194, pp. 182–187, Jun. 2017, doi: 10.1016/j.matchemphys.2017.03.018. 
[138] N. Yan, L. Qin, H. Hao, L. Hui, F. Zhao, and H. Feng, “Iron oxide/aluminum/graphene energetic 
nanocomposites synthesized by atomic layer deposition: Enhanced energy release and reduced 
electrostatic ignition hazard,” Applied Surface Science, vol. 408, pp. 51–59, Jun. 2017, doi: 
10.1016/j.apsusc.2017.02.169. 
[139] H. Sui, L. LeSergent, and J. Z. Wen, “Diversity in Addressing Reaction Mechanisms of Nano-
Thermite Composites with a Layer by Layer Structure,” Advanced Engineering Materials, vol. 20, 
no. 3, p. 1700822, 2018, doi: 10.1002/adem.201700822. 
[140] K. Reed et al., “Exploring the properties and applications of nanoceria: is there still plenty of room 
at the bottom?,” Environ. Sci.: Nano, vol. 1, no. 5, pp. 390–405, 2014, doi: 10.1039/C4EN00079J. 
[141] G. Kim, “Ceria-promoted three-way catalysts for auto exhaust emission control,” Ind. Eng. Chem. 
Prod. Res. Dev., vol. 21, no. 2, pp. 267–274, Jun. 1982, doi: 10.1021/i300006a014. 
[142] R. J. Gorte, “Ceria in catalysis: From automotive applications to the water-gas shift reaction,” 
AIChE J., vol. 56, no. 5, pp. 1126–1135, 2010, doi: 10.1002/aic.12234. 
[143] S. Dey and G. C. Dhal, “Cerium catalysts applications in carbon monoxide oxidations,” Materials 
Science for Energy Technologies, vol. 3, pp. 6–24, 2020, doi: 10.1016/j.mset.2019.09.003. 
[144] M. Ajmal Khan et al., “Synthesize and characterization of ceria based nano-composite materials 
for low temperature solid oxide fuel cell,” International Journal of Hydrogen Energy, vol. 43, no. 
12, pp. 6310–6317, Mar. 2018, doi: 10.1016/j.ijhydene.2018.01.166. 
[145] B. C. H. Steele and A. Heinzel, “Materials for fuel-cell technologies,” vol. 414, p. 8, 2001. 
[146] A. Trovarelli, “Structural and Oxygen Storage/Release Properties of CeO 2 -Based Solid Solutions,” 
Comments on Inorganic Chemistry, vol. 20, no. 4–6, pp. 263–284, Jan. 1999, doi: 
10.1080/02603599908021446. 
[147] D. Du, J. Kullgren, K. Hermansson, and P. Broqvist, “From Ceria Clusters to Nanoparticles: 
Superoxides and Supercharging,” J. Phys. Chem. C, vol. 123, no. 3, pp. 1742–1750, Jan. 2019, doi: 
10.1021/acs.jpcc.8b08977. 
[148] J. Kullgren, K. Hermansson, and P. Broqvist, “Supercharged Low-Temperature Oxygen Storage 
Capacity of Ceria at the Nanoscale,” J. Phys. Chem. Lett., vol. 4, no. 4, pp. 604–608, Feb. 2013, 
doi: 10.1021/jz3020524. 
[149] J. Xu et al., “Size dependent oxygen buffering capacity of ceria nanocrystals,” Chem. Commun., 
vol. 46, no. 11, p. 1887, 2010, doi: 10.1039/b923780a. 
[425] S. Gottapu, S. K. Padhi, M. G. Krishna, and K. Muralidharan, “Poly(vinylpyrrolidone) stabilized 
aluminum nanoparticles obtained by the reaction of SiCl 4 with LiAlH 4,” New J. Chem., vol. 39, no. 
7, pp. 5203–5207, 2015, doi: 10.1039/C5NJ00438A. 
[426] W. L. Perry et al., “Nano-Scale Tungsten Oxides for Metastable Intermolecular Composites,” 
Propellants, Explosives, Pyrotechnics, vol. 29, no. 2, pp. 99–105, 2004, doi: 
10.1002/prep.200400037. 
[427] K. C. Walter, D. R. Pesiri, and D. E. Wilson, “Manufacturing and Performance of Nanometric 
Al/MoO3 Energetic Materials,” Journal of Propulsion and Power, vol. 23, no. 4, pp. 645–650, 
2007, doi: 10.2514/1.25461. 
[428] V. E. Sanders, B. W. Asay, T. J. Foley, B. C. Tappan, A. N. Pacheco, and S. F. Son, “Reaction 
Propagation of Four Nanoscale Energetic Composites (Al/MoO3, Al/WO3, Al/CuO, and B12O3),” 
Journal of Propulsion and Power, vol. 23, no. 4, pp. 707–714, Jul. 2007, doi: 10.2514/1.26089. 
[429] A. Prakash, A. V. McCormick, and M. R. Zachariah, “Synthesis and Reactivity of a Super-Reactive 
Metastable Intermolecular Composite Formulation of Al/KMnO4,” Adv. Mater., vol. 17, no. 7, pp. 
900–903, Apr. 2005, doi: 10.1002/adma.200400853. 
25 
 
[430] V. K. Tolpygo and D. R. Clarke, “Microstructural study of the theta-alpha transformation in 
alumina scales formed on nickel-aluminides,” Materials at High Temperatures, vol. 17, no. 1, pp. 
59–70, Jan. 2000, doi: 10.1179/mht.2000.011. 
[431] M. Boaro, M. Vicario, C. de Leitenburg, G. Dolcetti, and A. Trovarelli, “The use of temperature-
programmed and dynamic/transient methods in catalysis: characterization of ceria-based, model 
three-way catalysts,” Catalysis Today, vol. 77, no. 4, pp. 407–417, Jan. 2003, doi: 10.1016/S0920-
5861(02)00383-8. 
[432] C. Aliotta et al., “Ceria-based electrolytes prepared by solution combustion synthesis: The role of 
fuel on the materials properties,” Applied Catalysis B: Environmental, vol. 197, pp. 14–22, Nov. 
2016, doi: 10.1016/j.apcatb.2016.02.044. 
[433] H. Sohn et al., “Oxygen Mobility in Pre-Reduced Nano- and Macro-Ceria with Co Loading: An AP-
XPS, In-Situ DRIFTS and TPR Study,” Catal Lett, vol. 147, no. 11, pp. 2863–2876, Nov. 2017, doi: 
10.1007/s10562-017-2176-4. 
[434] T. S. Moraes et al., “Effects of Ceria Morphology on Catalytic Performance of Ni/CeO2 Catalysts 
for Low Temperature Steam Reforming of Ethanol,” Top Catal, vol. 58, no. 4–6, pp. 281–294, Apr. 
2015, doi: 10.1007/s11244-015-0369-x. 
[435] Y. Wang, S. Liang, A. Cao, R. L. Thompson, and G. Veser, “Au-mixed lanthanum/cerium oxide 
catalysts for water gas shift,” Applied Catalysis B: Environmental, vol. 99, no. 1–2, pp. 89–95, Aug. 
2010, doi: 10.1016/j.apcatb.2010.06.004. 
[436] Z. Abdelouahab-Reddam, R. E. Mail, F. Coloma, and A. Sepúlveda-Escribano, “Platinum supported 
on highly-dispersed ceria on activated carbon for the total oxidation of VOCs,” Applied Catalysis 
A: General, vol. 494, pp. 87–94, Mar. 2015, doi: 10.1016/j.apcata.2015.01.026. 
[437] A. Sossi et al., “Non-isothermal oxidation of aluminum nanopowder coated by hydrocarbons and 
fluorohydrocarbons,” Applied Surface Science, vol. 271, pp. 337–343, Apr. 2013, doi: 
10.1016/j.apsusc.2013.01.197. 
[438] F. Noor, H. Zhang, T. Korakianitis, and D. Wen, “Oxidation and ignition of aluminum 
nanomaterials,” Phys. Chem. Chem. Phys., vol. 15, no. 46, p. 20176, 2013, doi: 
10.1039/c3cp53171f. 
[439] S. C. Kettwich et al., “Thermal investigations of nanoaluminum/perfluoropolyether core–shell 
impregnated composites for structural energetics,” Thermochimica Acta, vol. 591, pp. 45–50, 
Sep. 2014, doi: 10.1016/j.tca.2014.07.016. 
[440] M. L. Pantoya and S. W. Dean, “The influence of alumina passivation on nano-Al/Teflon 
reactions,” Thermochimica Acta, vol. 493, no. 1–2, pp. 109–110, Sep. 2009, doi: 
10.1016/j.tca.2009.03.018. 
[441] M. Schoenitz, C.-M. Chen, and E. L. Dreizin, “Oxidation of Aluminum Particles in the Presence of 
Water,” J. Phys. Chem. B, vol. 113, no. 15, pp. 5136–5140, Apr. 2009, doi: 10.1021/jp807801m. 
[442] X. Zhu, M. Schoenitz, and E. L. Dreizin, “Oxidation of Aluminum Particles in Mixed CO 2 /H 2 O 
Atmospheres,” J. Phys. Chem. C, vol. 114, no. 44, pp. 18925–18930, Nov. 2010, doi: 
10.1021/jp105363v. 
[443] “Zhang et al. - 2010 - Iodine Release, Oxidation, and Ignition of Mechani.pdf.” . 
[444] A. Gromov, A. Ilyin, U. Förter-Barth, and U. Teipel, “Characterization of Aluminum Powders: II. 
Aluminum Nanopowders Passivated by Non-Inert Coatings,” Prop., Explos., Pyrotech., vol. 31, no. 
5, pp. 401–409, Oct. 2006, doi: 10.1002/prep.200600055. 
[445] A. B. Vorozhtsov et al., “Oxidation of nano-sized aluminum powders,” Thermochimica Acta, vol. 
636, pp. 48–56, Jul. 2016, doi: 10.1016/j.tca.2016.05.003. 
[446] H. Y. Jeong et al., “Tailoring oxidation of Al particles morphologically controlled by carbon 
nanotubes,” Energy, vol. 55, pp. 1143–1151, Jun. 2013, doi: 10.1016/j.energy.2013.04.039. 
26 
 
[447] S. H. Kim and M. R. Zachariah, “Enhancing the Rate of Energy Release from NanoEnergetic 
Materials by Electrostatically Enhanced Assembly,” Adv. Mater., vol. 16, no. 20, pp. 1821–1825, 
Oct. 2004, doi: 10.1002/adma.200306436. 
[448] L. Shi et al., “A high energy output and low onset temperature nanothermite based on three-
dimensional ordered macroporous nano-NiFe 2 O 4,” RSC Adv., vol. 6, no. 96, pp. 93330–93334, 
2016, doi: 10.1039/C6RA16429C. 
[449] M. G. Zaky, A. M. Abdalla, R. P. Sahu, I. K. Puri, M. Radwan, and S. Elbasuney, “Nanothermite 
colloids: A new prospective for enhanced performance,” Defence Technology, vol. 15, no. 3, pp. 
319–325, Jun. 2019, doi: 10.1016/j.dt.2018.08.016. 
[450] A. Shahravan, T. Desai, and T. Matsoukas, “Passivation of Aluminum Nanoparticles by Plasma-
Enhanced Chemical Vapor Deposition for Energetic Nanomaterials,” ACS Appl. Mater. Interfaces, 
vol. 6, no. 10, pp. 7942–7947, May 2014, doi: 10.1021/am5012707. 
[451] K. J. Huang and C. D. Tan, “Preparation and Exothermic Characterization of Dioctyl Sebacate 
(DOS)-Coated Aluminum Nanopowders,” AMM, vol. 79, pp. 65–70, Jul. 2011, doi: 
10.4028/www.scientific.net/AMM.79.65. 
[452] Q.-L. Yan, M. Gozin, F.-Q. Zhao, A. Cohen, and S.-P. Pang, “Highly energetic compositions based 
on functionalized carbon nanomaterials,” Nanoscale, vol. 8, no. 9, pp. 4799–4851, 2016, doi: 
10.1039/C5NR07855E. 
[453] A. Bach, P. Gibot, L. Vidal, R. Gadiou, and D. Spitzer, “Modulation of the Reactivity of a WO 3 /Al 
Energetic Material with Graphitized Carbon Black as Additive,” Journal of Energetic Materials, vol. 
33, no. 4, pp. 260–276, Oct. 2015, doi: 10.1080/07370652.2014.977979. 
[454] R. Thiruvengadathan et al., “A Versatile Self-Assembly Approach toward High Performance 
Nanoenergetic Composite Using Functionalized Graphene,” Langmuir, vol. 30, no. 22, pp. 6556–
6564, Jun. 2014, doi: 10.1021/la500573e. 
[455] B. Siegert, M. Comet, O. Muller, G. Pourroy, and D. Spitzer, “Reduced-Sensitivity Nanothermites 
Containing Manganese Oxide Filled Carbon Nanofibers,” J. Phys. Chem. C, vol. 114, no. 46, pp. 
19562–19568, Nov. 2010, doi: 10.1021/jp1014737. 
[456] K. S. Martirosyan, L. Wang, and D. Luss, “Tuning the Gas Pressure Discharge of Nanoenergetic 
Materials by Boron and Carbon Nanotubes Additives,” vol. 1, p. 4, 2011. 
   
 
 
 
 
 
 
 
